. 2014. Productivity and nitrogen benefits of late-season legume cover crops in organic wheat production. Can. J. Plant Sci. 94: 771Á783. When full-season cover crops are used in stockless organic rotations, cash crop production is compromised. Including winter cereals in rotations can widen the growing season window and create a niche for late-season cover crops. We investigated the establishment and biomass production of relay-cropped red clover (Trifolium pratense L.) and sweet clover (Melilotus officinalis L. 'Norgold') and double-cropped cowpea (Vigna unguiculata L. 'Iron and Clay'), hairy vetch (Vicia villosa L.), lentil (Lens culinaris L. 'Indianhead'), soybean (Glycine max L. 'Prudence'), pea (Pisum sativum L. '40Á10'), and oil seed radish (Raphanus sativus L.) as well as wheat response to these crops under reduced tillage (RT) and conventional tillage (CT) at three locations in Manitoba, Canada. Red clover, sweet clover and pea produced from 737 to 4075 and 93 to 1453 and 160 to 2357 kg ha
A cover crop may be defined as any crop grown to provide soil cover regardless of whether it is later soil incorporated. Organic farms in the Northern Great Plains (NGP) of North America typically include legume cover crops in rotation to maintain soil fertility. However, growing a cover crop for the full season incurs the loss of that year's cash crop. Cover cropping systems that are in synchrony with the intensive annual organic crop production are required for organic farmers. Relay and double crop systems exploit the heat and precipitation resources after the main crop harvest. Therefore, organic farmers using relay and double-cropping techniques may be able to harvest a cash crop and benefit from a cover crop within the same growing season.
Late-season legume cover crops were defined as cover crops that are grown alongside or after the cash crop within the same growing season. The terms ''double crop'' and ''relay crop'' are both considered as late-season legume cover crops. Double-cropping involves seeding a cover crop after the main crop harvest, whereas relaycropping entails seeding cover crops into an established crop. Although in some regions relay and double cover crop products can be harvested (i.e., double-cropped soybeans after winter wheat in Kansas and Missouri), in the NGP they are commonly grown to provide soil cover, fix atmospheric nitrogen and improve the overall soil health. In this paper we consider relay and double crops as soil fertility (i.e., nitrogen) building crops.
Winter cereals are typically harvested earlier than spring-seeded crops providing a larger window of opportunity for relay and double crops to capture heat and precipitation. Thiessen Martens and Entz (2001) estimated that in systems including winter wheat there is sufficient heat and precipitation to grow double and relay cover crops in south-central Manitoba, but precipitation may be the limiting factor in southern Saskatchewan and Alberta. Nadler and Bullock (2011) analyzed 80 yr of weather data (1921 to 2000) from 12 stations across the Canadian prairies and found that corn heat unit accumulation and precipitation have increased in the southern parts of the Canadian prairies. Furthermore, as a result of extreme weather conditions and favorable markets, the areas seeded to winter wheat (Triticum aestivum L.) and fall rye (Secale cereale L.) have been increasing (Statistics Canada 2013) . In spite of these, double-and relay-cropping in organic agriculture have received little attention in the NGP region. Most research on cover crops in conventional systems focussed on the fallow replacement potential of legume cover crops (Zentner et al. 2004) . In conventional systems Thiessen Martens et al. (2001) used black lentil (Lens culinaris L.) and chickling vetch (Lathyrus sativus L.) as double crops, but most other studies used cover crops as full season fertility building crops (Vaisman et al. 2011) . Studies from Northern Europe reported the effects of under-sown clovers on weeds and wheat yield (Hartl 1989; Brandsaeter et al. 2012; Sjursen et al. 2012) as well as on soil nitrate (Plaza 2011) .
Relay-cropping, especially using red clover (Trifolium pratense L.) and alfalfa (Medicago sativa L.), has received more attention than double-cropping in temperate regions. Production factors such as competition from main crop cultivar type and light interception (Blaser et al. 2011) , legume cultivar selection (Singer et al. 2006 ), optimal seeding rates (Blaser et al. 2007 ), moisture effect on establishment (Queen et al. 2009 ), seeding date (Blackshaw et al. 2010a) , effect on companion crop species (Thiessen Martens et al. 2001 ) and the fertilizer replacement value of relay crops (Liebman et al. 2012) have been investigated under conventional systems. Most of these studies reported successful establishment of red clover, yet, biomass production varied greatly depending on the edaphic (i.e., soil), climatic (i.e., precipitation) and agronomic (i.e., companion crop type, seeding date) conditions.
Most of the aforementioned factors for production are relevant for the organic production systems as well, but the objectives for the inclusion of relay or double crops maybe different. Even though cover crop benefits such as soil erosion control, weed suppression, soil organic matter building are important for all farmers, N contribution benefits are particularly vital for organic farmers. Berry et al. (2002) argue that N is one of the key factors limiting the productivity of organic farms. Accordingly, the major expectation from a relay or double crop in organic systems is high biomass production and optimal biological N 2 fixation. Although N benefit is generally correlated with biomass production (Peoples et al. 2001) competition with other crops may increase the amount of biological N fixation. For instance, relay-cropped red clover has been shown to fix 20% more N 2 than monocropped red clover (Schipanski and Drinkwater 2011).
Organic land management relies heavily on tillage to control weeds and to mineralize N from green manures. There has been considerable work on reducing tillage in organic systems. Such attempts focus mainly on manipulations during the green manure or cover crop phase of the rotations (Peigne´et al. 2007; Vaisman et al. 2011) . As a result of better water retention in reduced tillage (RT) than in conventional tillage (CT) systems (Krauss et al. 2010) , late-season cover crops may establish and produce more biomass under RT than under CT. While N mineralization in long-term no-till soils is faster than in conventional tilled soils (Soon et al. 2011) , in the short-term N mineralization is slower in RT systems than in CT systems (Vaisman et al. 2011) .
It may be possible to reduce tillage in short-term rotations without an N penalty. However, this requires a plant biomass with low C:N ratio to be present, because net mineralization from indigenous soil N sources increases when the crop residue C:N ratio is low (i.e., C:NB20:1; Bremer and van Kessel 1992). Therefore, a question of interest is whether low C:N biomass from late-season cover crops may be able to provide sufficient N to offset the slower mineralization from RT. No NGP studies have investigated reduced tillage in organic lateseason cover crop systems.
There is a lack of knowledge as to which species can be employed in double-and relay-cropping systems of western Canada. A study was initiated in southern Manitoba to identify the successful species that can be used in double-and relay-cropping systems under organic management. Specifically, we investigated establishment, growth and N benefits of various double-and relaycropped species under conventional and reduced tillage management. We anticipated that the double crops grown in reduced tillage plots will produce more biomass than those managed under conventional tillage. We also hypothesized that the N benefits of legumes (measured as wheat N uptake and yield) under reduced tillage will be less than those under conventionally managed legumes, but that as cover crop legume biomass increases, the yield penalty from reducing tillage would decrease. The information generated from this study will enhance our ability to design diversified agroecosystems that are nutrient-use efficient. the establishment and biomass production of cover crops were investigated. Each experiment started with fall rye (Secale cereale L. 'Remington') cash crop and late-season cover crops in year 1. Fall rye was seeded using a JT-A10 air-drill seeder (R-Tech Industries Ltd., Homewood, MB) with a row spacing of 20 cm and a seeding rate of 100 kg ha (1 . The fall rye grain was harvested few days before the seeding of double crops as indicated in Table 1 . Wintersteiger (Wintersteiger Inc., Saskatoon, SK) plot harvester was used for fall rye grain harvest from the whole plot.
MATERIALS AND METHODS
The relay crops were red clover (Trifolium pratense L.) and sweet clover (Melilotus officinalis L. 'Norgold') while double crops were cowpea (Vigna unguiculata L. 'Iron and Clay'), hairy vetch (Vicia villosa L.), lentil (Lens culinaris L. 'Indianhead'), soybean (Glycine max L. 'Prudence'), pea (Pisum sativum L. '40-10'), and oil seed radish (Raphanus sativus L.). The seeding rates and seeding and termination dates of double and relay crops are presented in Table 1 . Although the main objectives of this study revolve around N benefit from legume cover crops, oil seed radish was included in the study because of its widespread usage by farmers in NGP. Oil seed radish is particularly suitable in situations where; (i) soil fertility is high, (ii) there is a need to produce forage for livestock, and, (iii) where there are soil compaction issues (Williams and Weil 2004) . Hairy vetch was not used in the Notre DL site due to the farmer's concern over hairy vetch's potential to become a volunteer crop (weed) in the following years. In 2010 we only seeded pea, lentil and hairy vetch, and in 2011, only Legumes were all inoculated with the appropriate Rhizobium species. Cell-Tech liquid inoculator (Novozymes, Franklinton, NC) was used for soybean and cowpea. For pea, lentil, hairy vetch and faba bean we used NitraStic-C peat based inoculant (Novozymes, Franklinton, NC). Both inoculants were applied at the manufacturer's recommended application rate of 75 mL of inoculant per 27 kg of seed. Red clover and sweet clover were inoculated with powder inoculant Nitragin Gold (Novozymes, Franklinton, NC) using manufacturer's recommended application rate of 19 kg of inoculant per 2273 kg of seed.
Relay crops were hand broadcasted into fall rye as soon as the fields were dry enough to handle traffic in the spring. Upon broadcasting soil was harrowed for better relay crop seed to soil contact. Double crops were seeded immediately after the fall rye grain harvest using a no-till disc drill (Fabro Enterprises Ltd., Swift Current, SK) with a row spacing of 15 cm and a depth setting of 4 cm. Control plots contained no cover crops and weeds were managed with tillage in conventional tilled plots. Weeds in reduced tillage plots were not managed. Relay and double crops were terminated using a rototiller.
Tillage regimes were RT and CT. Tillage regimes differed in terms of tillage before seeding (seeding into fall rye stubble vs. seeding after the tillage of fall rye stubble) and the timing of cover crop incorporation (autumn vs. spring incorporation). In the RT double crop system, double crops were seeded into rye residue with no preseeding tillage, and the land was not tilled until springtime the following year. In the CT double crop system, rye residue was tilled before seeding the double crops. Further, these plots were tilled in the autumn after double crop growth. Since relay crops were hand broadcasted there were no differences in seeding method for relay crops. Thus, RT relay crops were spring incorporated (immediately before wheat seeding) and CT relay crops were tilled in late fall of the rye year and again immediately before wheat seeding. Therefore, RT plots were tilled only once (immediately before spring wheat seeding) and CT plots were tilled three times before wheat seeding.
Wheat (Triticum aestivum L. 'Kane') was seeded (122 kg ha (1 ) in the spring following the termination of relay and double crops as a test crop. Wheat was seeded using a JT-A10 air-drill seeder (R-Tech Industries Ltd. Homewood, MB) with a row spacing of 20 cm. The subplot size was 2 m by 8 m.
Data collection
Fall rye biomass (grain'straw) samples were taken at maturity using a 1-m 2 quadrat randomly placed in each of the four replicates. The samples were dried for 2 d at 608C and weighed for dry matter content. The reported biomass numbers are the average weight of four replicates.
Crop establishment counts for relay crops were collected on two dates (except in 2008) to monitor progressive emergence from three randomly selected spots using a 0.0625-m 2 quadrat. Above-ground biomass of relay crops was collected from 2 )0.25-m 2 areas within each plot, while double crops were collected from 2 )0.4-m 2 areas within each plot. Relay crop biomass samples in RT plots were collected in the autumn and in the spring. Spring sampling was done when relay crops survived winter to produce more biomass as in 2009 Notre DL and Carman. Double crops were counted only once after emergence using a 1-m ruler and counting both sides of the ruler at two randomly selected spots in each plot. Above-ground biomass of double crops was collected from 2 )0.4-m 2 areas within each plot. Double crop biomass samples were taken only once, in mid-October.
A wheat test crop in year 2 was only deployed for the 2008 and 2009 experiments. Wheat biomass samples at Carman were taken at stem elongation and maturity from 2 )0.4-m 2 areas in each plot. At Glenlea, wheat biomass samples were collected at stem elongation and soft dough stages. At Glenlea, nearby wheat fields were being destroyed by migrating geese, therefore, samples were taken earlier, at soft dough, before extensive damage could be done by geese. Wheat grain for yield estimation was collected from the whole plot using a Wintersteiger (Wintersteiger Inc., Saskatoon, SK) plot harvester. All samples were dried for 2 d at 608C and weighed for dry matter content.
Dry wheat and cover crop biomass samples were ground with a Wiley Mill (No. 1 Arthur H. Thomas Co., Philadelphia, PA). Wheat grains were ground with a Cyclone Lab Sample Mill (UDY Corporation, Fort Collins, CO). All ground samples were subsampled and analyzed for N concentration by combustion analysis using a LECO FP-528 (LECO, St. Joseph, MI). Wheat N uptake at stem elongation, soft dough (Glenlea) and maturity (Carman and Notre DL) were calculated as the product of biomass production (kg ha (1 ) and the percent N content of the ground wheat biomass sample. Wheat grain percent N content was multiplied by 5.7 for the estimation of wheat grain protein (Jones 1941).
All weather-related data were obtained from the Environment Canada database (Environment Canada 2012). Growing degree days (GDD) were calculated using 38C as a base temperature with the formula:
Since most of the crops used in our study were cool season crops, 38C was chosen as the base temperature.
Statistical Analysis
The experimental design was a randomized complete block with four replicates in a split plot arrangement.
The main plots were tillage regime and the subplots were cover crop type. Control plots contained no cover crops. SAS software (SAS Institute, Inc. 2001) PROC Mixed procedure was used for data analysis. We used ANOVA and considered treatment effects as fixed effects and replicates as random effects for all measurements. Relay crop biomass production was analyzed separately than double crops. Assumptions of ANOVA were tested by using the PROC Univariate procedure. Differences were considered significant at PB0.05 and means were separated using a Fisher protected LSD test. Planned comparisons were analyzed using the ''Estimate'' statement in SAS. A linear regression model was fitted to explore the relationship between double and relay crop biomass production and wheat N uptake at stem elongation and maturity.
RESULTS AND DISCUSSION Climate and Field Conditions
Growing season air temperatures, precipitation and GDD in all study years and sites deviated widely from long-term averages (Tables 2 and 3 ). Lower than average temperatures and GDD were recorded in 2009 at Carman and Notre DL. In 2010 precipitation was almost double the 30-yr average. In 2010 and 2011, growing season air temperatures were much higher than the 30-yr average. As a result of GDD accumulation, fall rye in 2010 and 2011 was harvested much earlier than in other years and double crops were seeded by Aug. 08 in Carman (Tables 1  and 2 ). In a previous Manitoba study, as a result of warmer growing season temperatures, Thiessen Martens et al. (2001) (1 at Notre DL in 2011. Biomass production of fall rye in this study is comparable to an earlier Manitoba study where fall rye biomass ranged from 7611 to 15 375 kg ha (1 (Thiessen Martens et al. 2001) .
Relay Crop Establishment and Dry Matter Production Successful relay crop establishment was observed at 5 of 6 site years for red clover and 3 of 6 site years for sweet clover (Table 4) . Both crops failed to establish at Carman in 2008, presumably due to low precipitation from April to June (Table 3) . Sweet clover also failed to establish at Notre DL in 2011, perhaps due to a very dense fall rye canopy (15 945 kg ha At some locations, red clover plant density increased from early June to July, perhaps as a result of the hard seed coat of red clover delaying early germination and the favorable growing conditions later in the spring facilitating germination. Queen et al. (2009) noted that relay-cropped red clover plant density progressively increased until 4Á6 wk after planting. They also reported that when precipitation was higher than long-term normals, red clover plant density was more stable during all developmental stages of wheat. In the present study, red clover had significantly higher plant densities than sweet clover at 2 of 5 site years.
Despite the high seeding rates used in this study (400 seeds m (2 ) less than 25% of the seeds developed into seedlings. Blackshaw et al. (2010a) used around 200 seeds m (2 for red clover, and the plant densities in that study were similar to ours. Blaser et al. (2011) and Singer et al. (2006) found that red clover biomass production is independent of plant population densities when there were more than 30 plants m (2 . In all site years, except at Carman in 2009, red clover produced significantly more biomass than sweet clover (Table 6 ). Red clover dry matter biomass production ranged from 737 to 4075 kg ha (1 and was greater than previous observations in Manitoba (605 to 1804 kg ha (Vyn et al. 2000) and Michigan (Hesterman et al. 1992 ) reporting 1930 to 4020 kg ha (1 and 2250 to 5500 kg ha (1 biomass production, respectively. Although there seems to be a trend based on the regional precipitation gradient (i.e., more precipitation, more biomass), biomass production of clovers in our experiment did not respond to fluctuating growing season precipitation (Tables 3 and 6 ). Rather, there was an evidence of ''carry-over'' soil moisture from previous year to increase biomass production. For instance, in 2011, growing season precipitation at Carman was 90 mm lower than the 30-yr average, but red clover produced 4075 kg ha
(1 of biomass, perhaps as a result of high precipitation in 2010 recharging soil moisture beyond crop requirements in 2011. In 2009, Carman growing season precipitation was exactly the 30-yr average (386 mm) but red clover produced only 850 kg ha (1 biomass. Similarly, in 2008 , growing season precipitation at Glenlea (397 mm) was close to the 30-yr average (416 mm) and red clover produced 3696 kg ha
(1 of biomass. Besides water availability, main crop competition and late-season heat availability are also potential influencing factors for red clover biomass production. Queen et al. (2009) argued that, besides availability of cheap fertilizers, this apparent unpredictability in relay crop biomass production has prevented the wider adoption of relay-cropping.
Double Crop Establishment and Dry Matter
Production Double crops were seeded immediately following fall rye harvest after either tillage (CT) or in untilled soil (RT). For most crops, years, and locations, tillage regime did not significantly influence establishment (Table 5 ). There was a tillage regime )crop species interaction at Carman in 2008 and at Notre DL in 2009, where, unlike other crops, pea had significantly higher plant population densities under CT than under RT (77 vs. 61 and 30 vs. Among double crops, pea consistently produced the highest biomass, ranging from 160 to 2357 kg ha (1 and averaging 890 kg ha
(1 for the 8 site years (Table 6 ). The pea crop failed in only one circumstance. Poor pea establishment in the RT system at Notre DL in 2009, presumably due to excess fall rye residue, resulted in poor establishment (18 plants m (2 ) and low biomass production (160 kg ha No previous studies have investigated biomass production of pea as a late-season cover crop in Canada. When grown as a spring-seeded crop for 8 to 10 wk in Saskatchewan, pea produced an average 3008 kg ha (1 of biomass (Biederbeck et al. 1993 ). The growing period from seeding to killing frost in our experiment was less than 8 wk in most instances (Table 1 ). More importantly, pea reaches its maximum growth rate at the podding stage. Pea in our experiment rarely reached full bloom (data not shown) and grew under progressively declining temperatures.
Lentil biomass production ranged from 120 to 377 kg ha (1 over 4 site years and was lower than the 190 to 1051 (Table 6 ). Cowpea and soybean failed to produce biomass in 2 of 4 and 3 of 4 yr, respectively. In 2009 at Carman, however, cowpea produced 470 kg ha
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(1 of biomass, perhaps as a result of a warmer than normal September (Table 2) . Oil seed radish produced less than 100 kg ha (1 in all site years. Therefore, among the double crops tested here, pea was the most consistent and highest biomass producer.
The presence of significant tillage regime by cover crop species interactions demonstrated that different cover crops responded to seedbed preparation management differently. For example, at Glenlea in 2008, RT pea produced more biomass than CT pea, while the opposite trend was observed for lentil (Table 6 ). At Carman in 2009, oil seed radish and hairy vetch responded with increased biomass production in CT versus RT, but other cover crops were not affected. Non-significant tillage regime)cover crop species interactions were observed at the other 2 site years where all double crop species were compared. These observations demonstrate no consistent effect of tillage regime on cover crop biomass production.
Pea managed under RT produced significantly more biomass than that managed under CT in 2 of 8 site years (at Glenlea 2008 and , while no differences in pea biomass between CT and RT were observed at 4 of 8 site years (Table 6 ). At Notre DL in 2009 and at Carman in 2010 pea under CT produced more biomass than pea under RT. Working on a loam soil in North Dakota Carr et al. (2009) observed higher pea yield under no-till compared with tillage in 2 of 6 yr, with no difference in the remaining 4 yr. Working on sandy and clay loam soils in Manitoba, Borstlap and Entz (1994) observed higher pea biomass at maturity under zero tillage than CT. Both studies concluded that the positive impact of RT on pea Pea  850a  978  520ab  160  1463b  905a  928  1320  Hairy vetch  281cd  315 w LSD for the effect of double crop is 313 kg ha (1 . aÁe Experiments with significant crop species)tillage regime interaction means within a column followed by the same letter are not significantly different according to Fisher's protected LSD at the 0.05 level of significance. productivity is more evident under dry conditions; an observation that did not apply in the present study. As a result of lower temperatures in autumn, late-season seeded cover crops have higher water use efficiencies than spring-seeded crops (Nielsen et al. 2005) . Therefore, improved water use efficiency of pea seeded under RT management in spring-seeded situations may not apply in late-season situations.
Relay Crops versus Double Crops
The two most productive late-season cover crop species in this study were red clover and pea. A comparison of the biomass production of these species showed that red clover produced more biomass than RT pea at 4 of 5 site years and red clover produced more biomass than CT pea at 3 of 5 site years (Table 6 ). Only in 1 of 5 site years did red clover produce less biomass than pea. Therefore, the best relay crop (red clover) produced as much or more biomass as the best double crop (pea) in the majority of the cases. However, unlike red clover, which failed 1 out of 6 yr to produce biomass, pea consistently produced biomass at all 8 site years. Therefore, despite having less biomass, pea established more consistently than red clover. Since red clover is much lower cost to establish ($30 (60 ha (1 at 10 kg ha (1 seeding rate) than pea ($80 (100 ha (1 at 100 kg ha (1 seeding rate), producers may opt for red clover for economic reasons.
Wheat N Uptake, Yield and Protein Response
In some of the study sites, wheat was used as a test crop to assess the effect of cover crops and tillage regime on N uptake and yield in a following crop. Relay and double crop effects on wheat N uptake at stem elongation and maturity, grain yield and protein concentration were tested. We were particularly interested in determining whether any of the cover crop/tillage regimes provided a yield and N advantage for the following crop over the common practice of leaving the field fallow after winter crop grain harvest. Reduced tillage Wheat N Uptake at Stem Elongation N uptake at wheat stem elongation stage is an important measure of a system's early-season N-supplying power with implications for yield potential and weed competition (Crews and Peoples 2005) . In the present study, cover crop species significantly affected N uptake at 2 of 4 sites (Table 7) . At Carman in 2009, wheat after pea, hairy vetch and cowpea accessed more N than for all other cover crops. Red and sweet clover had not established in the previous year at Carman. At Notre DL, wheat after relay-cropped red and sweet clover took up more N than other plots, including pea. Relay crops at Notre DL had produced significantly more biomass than double crops and this appeared to increase early-season N availability to wheat. Nitrogen benefits of relay-cropped red clover to corn were observed in Michigan and Ontario (Hesterman 1992; Vyn et al. 2000) but lack of red clover N benefit to canola in Alberta (Blackshaw et al. 2010a ), on the other hand, resulted from negligible cover crop biomass production (40 to 90 kg ha
(1 ) of the red clover in those semi-arid conditions. One surprising observation in the present study was the inability of very high legume cover crop biomass (3696 kg ha (1 ) to raise N uptake in wheat at Glenlea in 2008 (Table 7) . A possible explanation for the poor N capture may be associated with very wet spring conditions that may have caused denitrification or leaching at this site.
Tillage increased early-season N availability at three of four sites. Wheat at stem elongation in the CT plots took up 7Á21 kg ha
(1 more N than wheat in RT plots (Table 7 ). This finding shows that delaying tillage until spring reduces early season N availability. Reduced early N availability from no-till legumes has been shown by other workers (Groffman et al. 1987; Varco et al. 1993) . A recent Manitoba study (Vaisman et al. 2011) showed that compared with CT, reducing tillage operations in an organic peaÁoat green manure resulted in less available N (38 to 50% reduction) to the following wheat crop. These authors also observed that N availability did not increase in spring-tilled treatments compared with notill treatments and concluded that reducing tillage in organic green manure systems significantly reduces N mineralization.
The absence of significant crop species )tillage regime interactions for early season N uptake in the present study indicates that tillage had the same effect on N mineralization for all cover crops tested.
Wheat N Uptake at Maturity Nitrogen uptake at crop maturity is a measure of seasonal N-supplying power of the cropping system. In the present study, wheat N uptake at maturity ranged from 12 to 91 kg ha (1 (Table 7) and was generally lower than that reported in other Manitoba studies on organic wheat production [e.g., 95 to 205 kg ha (1 and 50 to 81 kg ha (1 reported by Vaisman et al. (2011) and Wiens et al. (2006) , respectively]. It is plausible that the extremely low N uptake at Notre DL (12 to 29 kg ha (1 ) resulted from immobilization of N by the very high levels of fall rye residue.
The overwhelming outcome at wheat maturity was that the effect of cover crop species on N uptake was strongly modified by tillage regime. Significant species by tillage interactions were observed at 3 of 4 site-years (Table 7) . Only at Carman in 2009 was no significant interaction observed. For most site years, the crop species main effect was not significant at maturity, indicating that there was little difference in N-supplying capacity of the different cover crops.
The reasons for significant tillage by cover crop species interactions were different at the different site-years. At Notre DL and Glenlea some cover crops did not produce any biomass (soybean and cowpea). Where no cover crop biomass was produced, reducing tillage usually decreased wheat N uptake (Table 7) . Where cover crops successfully produced biomass the previous autumn (pea, lentil, clovers and hairy vetch), reducing tillage either did not affect N uptake or increased N uptake. A possible explanation for the interaction is as follows. Where no legume biomass was produced, reducing tillage immobilized N, a process that is well documented (Mulvaney et al. 2010) . However, where cover crop legume biomass was produced, the N immobilization effect of RT appears to have been offset by the added legume N. This suggests that when legume biomass is present, fall tillage may be eliminated without negative effects on wheat N uptake in the following year.
A linear regression analysis was conducted (data not shown) to investigate the relationship between legume biomass production and wheat N uptake at stem elongation and maturity. No consistent pattern among site years, as to how much biomass was required to offset the slow mineralization resulting from absence of tillage was observed. Analyzing the N contribution of relay-cropped red clover to corn Liebman et al. (2012) found inconsistent response of soil nitrate and corn stalk N concentrations to time of tillage (fall and spring tillage). However, they did find a significant positive correlation between corn yield and red clover biomass production. Future research using 15 N-labeled cover crops can help in determining the fate of cover crop N after incorporation.
Wheat Grain Yield and Protein
Significant crop species effects for wheat grain yield were observed at Glenlea, Carman 2009 and at Notre DL (Table 8) . Since the grain yield potential is largely affected by N availability before anthesis (Demodes-Mainard et al. 1999) , early-season N availability provided by legume biomass (as measured in wheat stem elongation N uptake) was reflected in higher yields. For instance, at Carman in 2009, wheat after pea yielded the highest (no red and sweet clover growth at this site year).
The tillage regime effect was significant for wheat yield at 3 of 4 site years, where wheat grown in CT plots yielded more than wheat grown in RT plots. Perhaps, aÁf Experiments with significant crop species )tillage regime interaction means within a column followed by the same letter are not significantly different according to Fisher's protected LSD at the 0.05 level of significance.
the lack of adequate biomass production of double crops at Carman in 2008 and 2009 resulted in poorer N supply to wheat in RT plots than CT plots. There were significant crop species)tillage regime interaction effects for yield at Glenlea and Notre DL (Table 8) .
At Glenlea, wheat in the CT control and cowpea plots yielded better than RT ones but wheat in all the other crop plots yielded same under both tillage regimes. At Notre DL wheat grown in RT relay crop plots yielded same as CT ones but for double crops wheat yielded better under CT. At Notre DL red and sweet clover biomass production were 2109 and 1259 kg ha (1 , while double crop biomass production only reached 570 kg ha
(1 for CT pea. Thus, once again, the capacity of lateseason legume biomass production offsetting the slow N mineralization from RT is illustrated in these wheat yield response results.
Wheat grain protein concentration was not influenced by cover crop species. However, a significant tillage regime effect was observed in Carman 2009 and 2010 where wheat had higher amounts of protein in CT plots than RT plots. Reduced grain protein following reduced or no-till management, compared with conventional tillage, has been shown in other studies (Blackshaw et al. 2010b; Vaisman et al. 2011 ). There were no significant crop species and tillage interactions for grain protein, indicating that the crop species effect on grain protein was not influenced by tillage regime.
CONCLUSIONS
This experiment has shown that most of the tested relay and double crops can establish successfully under both conventional tillage and direct seeding practices. Under all conditions and site years, lentil successfully established but failed to produce sufficient biomass to provide N benefit to wheat. Red clover, sweet clover and pea were the highest biomass producing crops. Pea managed under RT produced comparable or more biomass than CT pea. Therefore, direct-seeded pea is a better option than CT pea for soil and energy conservation. Biomass production of all legumes fluctuated greatly by year and location. Overall, relay crops were more productive than double crops.
Wheat N uptake and yield increased with increasing relay and double crop biomass production at most site years. Although biomass production and N benefit vary by site and year, low seed cost and seeding rates of red and sweet clovers make them attractive options for lowinput organic farmers. Pea is also recommended as it produced acceptable amounts of biomass 6 out of 8 site years. Relay crops in the present experiment appear to provide more N benefit than double crops.
Results of this study provided evidence that adequate biomass production by clovers and pea were effective at offsetting reduced tillage-induced N mineralization reduction. Without the legume N from these cover crops, eliminating fall tillage almost always reduced N supply to the following wheat crop. Therefore, this study provided evidence that the presence of a late-season cover may facilitate reduced tillage in organic farming by offsetting the N limitations that occur when fall tillage is eliminated. Further research is needed to establish the amount of critical cover crop biomass needed to reduce tillage in organic late-season cover crop production.
